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— A detailed study of earth noise at all 11 HGLP sites 
found that the spectra of earth noise at each site is char- 
acteri7Qd by a minimum in the period range 25 to 45 seconds. 
The le 1 of earth noise recorded by vertical seismographs 

ndent of local meteorological conditions, but at 
the earth noise levels recorded by horizontal 

is indt 
shallow „ites, 
seismographs exhibit a diurnal cycle associated with daily 
variations of atmospheric turbulence. The horizontal earth 
noise associated with atmospheric turbulence is attenuated 
by overburden 
depth of 

to about \Q% 
about 150 m, \ 

of the surface noise level at a 

An evaluation of the detection capabilities of the HGLP 
stations showed that surface waves could be observed for 90/. 
of the reported events of mb 4.2 or larger which occurred 
within 30° of a station. At distance ranges of 80° to 100 , 
the detection threshold increases to about niu 4.7. Roughly 

thi half of the 10% not'observed are masked by the coda of earlier 
larger events. The thresholds are expected to be lowered 
by about 0.2 units if digital processing techniques, such as 
time-varying adaptive filters, are applied.  Polarization and 
azimuthal filters are capable of a signal-to-noise enhance- 
ment of more than 6 db for signals from small events. These 
filters have proved to be more effective than passive tech- 
nique's or matched filtering. 

A new surface wave magnitude scale based on the amply 
tude of higher-mode Rayleigh waves was developed and applied 
to earthquakes and explosions in central Asia.v Several anom- 
alous events in central Asia, which are characterized by ' 
usually low lU:mu   ratios and hence could be sus 

iri zed 
lected to 

un- 
be 

nuclear explosions, are reclassified as earthquakes when the 
new, higher-mode scale. Ml?, is employed.  The fofcal depth 
and mechanism of these anomalous events apparently causes 
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\ poor Gxcitation of the fundamental mode P.ayleigh v;ave v/ith- 
\ out significantly affecting the amplitude of the higher 
\ mode.  Elimination of these source related factors from 
traditional Msrrn^ discriminants is an essential tool for t liable  discrimination   betv/een  earthquakes   and   nuclear 
untierground   tests. 

A. 
n other investigations, surface waves were used to 

study the focal mechanism of small magnitude events, the 
pulse distortion of body waves travelling non-minimum 
time paths was computed, and the use of seismograph arrays 
in determining earth structure was examined. 

lo 

. o : :.;   ■•■.,■ ■.-., ■■ ': ».•..:•■ . ■.. s " 



I.  STATION MAINTENANCE AND INSTALLATION 

A.  MARCH, 1971 TO APRIL, 1972 

Maintenance was carried out for the five previously 
gain seismograph stations at Charters Towers, Australia 
Alaska (FbK), Eilat, Israel (EIL), Chiang Mai, Thailand 
burg. New Jersey (OGD), and a sixth 
(TLP) was installed and maintained. 

installed high- 
(CTA), Fairbanks, 
(CHG), and Ogdens- 

high-gain station at Toledo, Spain 

Preparation for the maintenance trips to CTA, FBK, CHG, and EIL began 
in May 1971.  The field teams involved in these trips prepared all the 
necessary test equipment for foreign shipment and made arrangements for 
their trips with the different participating institutions.  It was neces- 
sary to make major modifications to the inverters and battery chargers 
purchased from the Exide Company as part of the uninterruptable power 
units to be installed at each site.  Inadequate wiring in the battery 
chargers was corrected and relays and timers were added to the inverters. 
All necessary additional power cables and electrical equipment (power 
switches, fuses, relays) were purchased and prepared for shipping. 

One man from each team spent as much time as necessary to learn how 
to perform a complete acceptance test on the Astrodata Digital system. 
One complete set of spare digital cards and a tape deck were taken to CTA 
and FBK to repair the digital recorders at those sites.  Prior to the 
maintenance trips, the digital systems at CTA and FBK were inoperative 
while the header data on the recorder at EIL was incorrect.  By the end 
of the maintenance trips to these three stations, all three digital re- 
corders were working properly. 
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The maintenance teams at CTA and CHG also installed microbarographs 
and anemometers, obtained at no cost to this contract.  Data from these 
instruments are being used in the study of long-period earth noise at 
those two sites. 
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Failure of the Cipher tape decks in the digital recorders at FBK 
on 22 August 1971 and TLO on 15 September 1971 necessitated special 
maintenance trips of approximately one week duration to each site.  The 
FBK system was repaired on 30 October 1971 and the TLO system on 5 Nov- 
ember 1971.  Since these respective times both digital systems have been 
operational. 

On 26 December 1971, the digital technician from Townsville, Australia, 
was sent to Chiang Mai, Thailand, to work on the digital recorder at that 
site, CHG, which had been out of operation since 1 Hay 1971.  He was 
successful and CHG has been digitally operational since 1 January 1972. 

Lament personnel had, during the time period requested, sent instruc- 
tions and replacement parts for i..any tests to be carried out on the 
digital recorder by personnel responsible for the routine maintenance 
of the seismic equipment at CHG.  All of these attempts were unsuccessful. 
In fact, it is now evident that station operators at most of the sites, 
although proficient in their maintenance of the seismograph systems, 
cannot cope with the complexities of the digital recorders.  For this 
reason we have attempted to contact qualified digital technicians in Spain, 
Israel, and Thailand who can service the digital recorders in those coun- 
tries, lie feel that this is the most efficient way to maintain these 
systems. 

During the time period 15 July to 17 August 1971, installation of the 
sixth high-gain station was completed at Toledo, Spain.  This station is 
equipped with a digital recorder and an uninterruptable power unit.  The 
high-gain station is located in a newly excavated tunnel about 4 km from 
the Toledo Geophysical Observatory.  Personnel from the Toledo Observa- 
tory, under the direction of Dr. Gonzalo Payo, are responsible for the 
daily maintenance and record changing of the high-gain station.  Peak 
recording magnifications obtained at this station are:  for the vertical 
70k at 40 sec; E/W 36k at 47 sec; U/S  36k at 40 sec.  The three letter 
code for this site is TLO. 

B.  HAY, 1972 TO APRIL, 1973 
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high-gain seismograph stations previously installed by Lament 
ned while carrying out an orderly transition of maintenance 
ties for those stations to the IIOAA group at Albuquerque, Hew 
ing Hay, June, and July of 1972, considerable time was spent 
r and carrying out combined inspection-maintenance trips to 
ions at Charters Towers, Australia (CTA); Chiang Mai, Thailand 
a, Hawaii (KIP); and Matsushiro, Japan (MAT). As a result of 
several recommendations were made for improvements such as: 
of air-conditioners in the recording rooms at CTA and CHG 
icient operation of the digital recorders, and instrument 
iques that should result in greater continuity of the analog 
dition, personnel at each site were thoroughly advised of the 
f maintenance responsibilities from Lament to NOAA. 
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directly from Albu- 

seisJSograms from any of the stations at Lamont.  • 

MAY, 1973 TO APRIL. 1974 

ia. 

JrÄ^ sW^ToTte^W*^*  Setsocl.glcal Center 1„ 
Mexico. 

D.  MAY, 1974 TO APRIL, 1975 
flew Jersey (OGD) was The high^gain station at O« 

constant operation.  I", l^f.^^^^L!^ in fMnrtion in an erratic 

the 
In late October, occasional spurious 
visual display of the digital records 

transients began to appear on 
Personnel from ASC suggested 
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it of the digital recordc.   ight be at fault.  Replacement 
installed, but in early December, the tape deck inexplicably 

hut off intermittently.  It finally failed totally and was not 
o operation until two technicians from ASC arrived.  At that 
new solid-state amplifier replacements for the old PTA were also 

One amplifier failed during installation and was immediately 
During the first large earthquake following installation, 

ude 7.5 event on February 2, 1975 in the Aleutians, the vertical 
south solid-state amplifiers were apparently oversaturated, and 
ducing useful data.  Replacements were sent from ASC, but some 
data was unavoidably lost.  Prior to failure of the solid-state 
, the records were comparable to the old PTA records. 

It is regretable that component failures in the digital system and the 
high-gain amplifiers led to a considerable loss of data in the last year. 
Roughly 20%   of lost time is attributable to digital tape recorder failure. 

ASC 
Both the seisrnograms 
in New Mexico. 

and digital data from OGD have been shipped to 

E.  MAY, 1975 TO APRIL, 1976 

The high gain station at Ogdensburg, New Jersey has been maintained 
in constant operation.  Approximately 90 photographic seisrnograms are 
acquired each week in addition to a magnetic tape once per three weeks. 
These data are forwarded to the Albuquerque Seismological Center and a 
copy of the tape is stored in the Lamont Data File.  The displacement 
outputs of the Geotech long-period seismometers are recorded on 2" per 
hour analogue chart recorders as are the outputs from four quartz-tube 
s traihiiieters.  We are in the process of transferring the seven chart 
records to a multichannel 3" per hour recorder. 

The routine operation of the observatory has required two full time 
technicians in the past.  From October 1 
with one technician (M. Connor) and have 
data from levels other than the -560 m 
observatory is located. 

we have operated the station 
discontinued recording seismic 

level of the mine in which the 

The digital recording of the long-period data has been interrupted 
on a number of occasions by electronic malfunction of the Astrodata 
recorder.  This is now maintained by the Albuquerque Seismological Center 
who have arranged on site repairs when required. 
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II.  RESULTS OF DATA ANALYSIS 

A.  EARTH NOISE 

1 •  Earth Noise Characteristics at High-Gain Stations 
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Ik of the information on earth noise at 
0 sec has come from seismograph stations 
nited States.  The 11 high-gain, long- 
tations that were recently installed at 
e world are providing important new 
and spectral behavior of earth noise at 

mately 10 sec:  An important aspect of 
hey are located in a variety of geologic 
re 1).  In particular, the installation of 
at Kipapa, Hawaii (KIP), has enabled us 
ne the characteristics of long-period 
site. 

A major contribution of this study is the significant increase 
in the number of long-period earth noise spectra thatT^

e.^^^; ^n 
from areas other than the contiguous United States.  The information 
presented in this study forms a comprehensive set of data on long- 
period earth noise which will be useful for various seismological 
investigations.  For example Linde and Sachs (1971) pointed out the 
importance of taking into account the contribution of noise to the 
long-period portion of the spectra of seismic waves in anyjttempt 

(element spacing) of seismic arrays that might further improve 
detection capabilities for surface waves. 

w ere free of earthquakes and spurious transients. 
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Fio. 1. Map of the world showing the location of the 11 Jiigh-gain, long-period .stations. 
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Each power spectrum was estimated by time-averaginq the square 
of the Fourier coefficients of up to twenty time segments of the 
data set.  Each of the time segments was 1,024 sec long, with the 
exception of the KOM data segments which were 512 sec long.  The 
spectra shown here are corrected for instrument response and set to 
the absolute level of ground motion unless explicitly noted. 

Deep Sites There are four IIGLP stations with more than 200 m of 
overburden above the seismometer vaults.  They included OGD, the 
prototype HGLP station at 543 m, EIL at 200 m, KON at 340 m, and 
ZIP at 300 m.  We will consider OGD and ZLP first; KON will be given 
special consideration later. 

Visual examination of all the available 70 mm film chips from 
OGD and ZLP shows that the level of vertical earth noise at these 
two stations is independent of all small-scale meteorological con- 
ditions of local origin.  In the case of OGD, nearly three years of 
data were examined.  Power spectra typical of .background earth noise 
at OGD and ZLP are shown in Figure 2. These spectra, which are cor- 
rected for instrument response, show comparable shapes and absolute 
levels at periods longer than about 25 sec and show a broad minimum 
between 25 and 45 sec.  At periods shorter than about 20 sec, the 
OGD spectrum for this particular time interval has higher long-period 
(16 to 20 sec) microseismic level.  The fairly rapid increase (12 to 
14 db/octave) in the spectral levels at periods longer than about 
50 sec is partially controlled by instrumental noise (Savino et al., 
1972; Fix, 1973).  By this statement we are referring to the fact 
that the earth noise spectrum is not a constant level above the 
instrumental n^ise of the seismograph system.  The 40 sec power of 
earth noise at OGD is about 20 db above the instrumental power while 
at about 100 sec the separation is about 10 db.  If the instrumental 
noise of the seismograph system fluctuates with time, it is possible 
that the instrumental noise may begin to contaminate the earth-noise 
spectrum at periods longer than about 50 sec. 

Shallow Sites There are seven HGLP stations with less than 50 m 
of overburden above the seismometer vault.  First to be considered 
is CTA (30 m of overburden) since both analog and digital recordings 
from a single on-site nicrobarograph are available from this site, 
permitting a quantitative correlation between local meteorological 
conditions and earth noise. 
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power spectra of the earth noise at CTA 
interval are shown in Figures 4a, b, and 

e minimum in the spectra between about 30 
s stable in absolute level in the passband 
the two-year time interval.  The 6 db vari- 

e 95% confidence limit of 4 dh for the power 
Iso note that for the same time interval that 
riod (16-20 sec) microseism band varied by 
m in the spectra (f horizontal earth noise 
to 45 sec) and to be less pronounced (Figures 
minimum is nearly filled in by a higher 
ontal spectra for September 21, 1973.  But 
pectrum is unchanged. 

Nearly three years of 70 mrn film chips were examined to verify 
the results given by a limited number of power spectra spread over 
a. two-year time period. The film chip data and the power spectra 
'ihow that earth noise recorded by the vertical, seismograph does not 
experience any apparent diurnal variations and the 40 sec level of 
earth noise recorded by the vertical seismograph is unaffected by 
variations of the 16-18 sec microseism level. 

Charters Towers. Earth Noise as Correlated to tli crobarograph 
has made it very 
very definite 

Noise,. Examination of the /0 mm film chips from CTA 
obvious that the horizontal earth noise undergoes a 
diurnal cycle. This cycle characteristically goes from 03:00 •» 
15:00 noisy to 17:00 ■♦ 02:00 quiet (local times). The relative 
terms "noisy" and "quiet" involve a noise decrease of about 6 db. 
Figure 5 also shews that the fluctuations in the 40 sec level of the 
horizontal noise correlate very well with variations in the 40 sec 
level of the noise recorded by the microbarograph. 
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Significant coherence at periods longer than about 30 sec has been 
observed during daylight hours between earth noise recorded by the 
horizontal seismographs and atmospheric pressure variations recorded 
by the microbarograph (Figure 6b).  In addition in Figure 6a note the 
similar correlation between the earth noise recorded by the two hori- 
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Earth noi'se power spectra for the vertical  seismograph  (a), the north/ 

south (b) and the east/west (c) horizontal  seis-iographs at CTA.    The 

sane legend is used in the throe figures. 
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1972 

and of microbaronraphic DOwm- at nn „ j a^ini. pov«r at CTA on seven days in 1972.    The 

'SO sec levels of sarth 
noise power are plotted at their absolute 

values; the 40 sec level of .icrobarooraphic po.er is plotted 

datively.    D refers to daylight hours about 03:00 ■> 15:00 local 

tine. N to nighttime h.urs about 17:00 ■» 02:00 local  ti.e      NVe 

that the level of vertical earth noise varies over a narrow band 

'■•-nie the levels of heri.ontal earth noise varies over a „uch wider 

band.    The levels of .icrobaro.etric noise and horizontal earth 

noise are reasonably well correlated. 
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Figure  6.   Squared coherence measurements between the two horiziRtal  seismographs 

(a) and between the north/south horizontal seismogni-h and micro'uaro- 

graph (b) at CTA with data samples taken during daylSght hours.    Co- 

herence squared moasurements between the twu horizonHiil  soisii'ogr;!phi 

(c) and between the north/south horizontal  seisinograyt and the micro- 

barograph (d) at CTA with data samples taken during iiighttime hours. 

Note that the squared coherence between the daylightMasurewnts 

are significant fron about 30 to 100 sec but that tla-nighttirro 

neasurc:xnt5 display significantly lebs coherence. 

:a^ ;.V.Wi/>-. ,^.>-'.i. ;;.c ::;...;   ■•-:.._i..   .-, .v .   .>--..... -,.. :■:• 



zontal 
betwee 
ni fi ca 
a si mi 
noise 
pariso 
nightt 
varist 
betwee 
may be 
shows 
microb 
spectr 
mation 
by the 
hori zo 
graphi 
equal 

seismo 
n the e 
nt only 
lar obs 
recorde 
n of th 
ime and 
ions p r 
n night 
attrib 

that if 
arograp 
urn of h 
to the 
near e 

ntal ea 
c noise 
to pres 

graphs, 
artii  noi 
at peri 

ervation 
d by the 
e power 
day!igh 

ovides e 
time and 
uted to 
the dif 

hie powe 
ori zonta 
dayligh 

quali ty 
rth nois 
. Note 
sure dif 

Duri 
se an 
ods g 
is t 
hori 

spect 
t tim 
viden 
dayl 

diffe 
f eren 
r spe 
1 ear 
t pow 
of th 
e and 
that 
feren 

ng m 
d a tin 
reate 
he ca 
zonta 
ra of 
e int 
ce th 
ight 
rence 
ce be 
ctrum 
th no 
er sp 
e spe 
spec 

verti 
ces. 

ghttime hours the correlation 
osphcric pressure variations is sig- 
r than about WO sec (Figure 6d); 
se for the correlation of the earth 
1 seismographs (Figure 6c). A corn- 
horizontal earth noise from both 

ervals and of atmospheric pressure 
at the majority of the difference 
power spectra of horizontal noise 
s in atmospheric pressure. Table 1 
tween nighttime and the daylight 
is added to the nighttime power 

ise, one obtains a very good approxi- 
ectrum of earth noise. This is shown 
ctral differences, day-night, of the 
tral difference of the microbaro- 
cal spectral differences are not nearly 

Sources of Earth Noise Recorded by Vertical Seismographs at all 
HGLP Sites and by Horizontal Seismographs at üeep Sites.  Savino et_aJL 
(1972) showed that for the HGLP instrumentation at OGD, the level of 
earth noise at 40 sec was approximately 20 db above the instrumental 
noise levels.  At 200 sec this separation has decreased to about 8 db, 
so we have limited this study to periods less than 200 sec.  Figures 
7a and b are shown to emphasize the similarity of the power spectra 
of vertical earth noise for ten of the HGLP seismograph stations. 

Despite observations that the earth noise recorded by the vertical 
seismograph does not change appreciably with depth and that the long- 
period end of power spectra of the earth noise recorded by the verti- 
cal seismographs rises at a rate of 12 to 14 db/octave and despite the 
data from numerous power spectra and cross-spectra and the information 
obtained from calculations with the Sorrells model, still only general 
comments can be made about the source of earth noise recorded by verti- 
cal seismographs. First if the seismograph vault is located on com- 
petent bedrock, the vertical earth noise is independent of ordinary 
atmospheric pressure variations.  Second as reported by Savino et_a_l_. 
(1972) the window in the earth noise spectra near 40 sec may be a 

exas 
micro- 

baroqraph pair approximately bö Kin rrom zne  array,  u« ^ .cu. ..72 
the mic?obarograph array detected a very low level signal with oscil- 
lations of 20-100 sec period from the northwest travelling with an 
acoustic velocity of about 330 m/sec. The signal was^robably a 
Mountain Associated Wave (MAW) train (Larson et^aU. 
in the coastal ranges of British Columbia, 
which the acoustic signal was being recorded by the microbarograph 

using a mi crobarograph array and si ngle verti cal seisniograph and 
' itely 65 km from the array.  On 28 Feb. 19 

et al . , 1971) generated 
For the time period during 
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TABLE 1. 

DIFFERENCE, IN db, BETWEEN POWER ESTIMATES 

TAKEN AT NIGHT AND DURING THE DAY 

INSTRUMENT 20 40 60 80 100 seconds 

Pressure 1.4 8.1 10.4 12.4 10.6 

North/South 2.1 9.3 11.7 9.0 7.9 

East/West 3.7 11.4 15.0 12.6 12.8 

Vertical 4.0 0.1 2.3 0.9 3.0 

t 
100  50 40   30 20 15 

PERIOD, sec 
100   50 40   30 20 

PERIOD, sec 

Figure 7. A set of composite earth noise spectra for the vertical seismographs 

at 10 HGLP stations, a and b. Note ZLP - Z is repeated as a reference, 
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signal from the vertical seismograph was found to cor- 
h the signal from the single microbarograph adjacent to 
graph.  A very important factor in this observation is 
dition of near zero-velocity winds existed in the vicinity 
robarograph; the microbarometric noise generated by the 
would have masked the MAW-type acoustic waves recorded 

gle microbarograph.  Unfortunately, this single case does 
e sufficient data to establish MAW waves as a constant 
the observed long-period earth noise recorded by vertical 
hs, but it does provide additional impetus to continue a 
GD of the atmosphere as a possible source of long-period 

The most helpful data in determining the source of earth noise 
recorded by horizontal seismographs at the deep HOLP stations and at 
the shallow and intermediate-depth stations during quiet intervals 
are the shape and absolute level of the power spectra and the near- 
equality of the noise level observed on both vertical and horizontal 
seismographs. 
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Conclusions. The recent installation of 11 high-gain seismograph 
stations on a world-wide basis and the variety of geologic and tectonic 
settings of these stations provide an important new data base on the 
nature of long-period earth noise. Examination of several years of 
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seismograms and analysis of digital data recorded at these sites 
lead to the following conclusions concerning the spectral character- 
istics and temporal behavior of long-period earth noise: 

1. In general, earth noise spectra calculated for all the sites 
exhibit a minimum level in the period range 25 to 45 seconds. 

2. The level of earth noise recorded by vertical seismographs 
is apparently independent of local meteorological conditions. The 
low noise levels achieved at the shallow sites are a result of the sites 
being located on competent rock formations and having rigid environ- 
mental control. 

3. The level of earth noise recorded by horizontal seismographs 
is dependent upon the depth of overburden.  At the shallow sites 
(depth of overburden <100 in) the earth noise levels exhibit a general 
diurnal cycle. This cycle appears to be caused by local tilting of 
the ground associated with daily variations of atmospheric turbulence. 

4. The special HGLP-type horizontal seismographs on the 103 and 
153 rn level of the Ogdensburg Deep Mine Observatory and the other HGLP 
horizontal seismographs show that the earth noise (tilts) associated 
with atmospheric turbulence are attenuated, in general, to about 10% 
of the surface level by about 150 m  in competent rock formations, 
i.e., noise level at 150 m depth is 10% of the noise level on the surface 

5.  The source of the long-period earth noise recorded by the verti- 
cal seismographs and by the horizontal seismographs at the deep station 
is probably of atmospheric origin.  This aspect of the problem of earth 
noise source will receive further investigation. 

2. Attenuation of Long-Period Earth Noise with Depth 

A vertical array of long-period seismographs was constructed in the 
Ogdensburg Deep Mine Observatory to measure the attenuation of earth 
noise with periods near 40 sec over the depth range 0 to 543 m.  Using 
a model derived by Sorrells (1971) to predict ground motions produced 
by a slow-moving, plane-wave pressure disturbance, we calculated the 
expected attenuation with depth.  According to the model this attenua- 
tion is dependent upon the velocity at which the pressure disturbance 
is propagating. The observed atten-uations correspond to velocities 
that are consistent with the velocities of atmospheric phenomena that 
have previously been reported to produce ground motions recorded by 
long-period seismographs. 

The tilt motions recorded by horizontal seismographs appear to be 
generated by low velocity (<5 to 10 m/s)   turbulence in the atmospheric 
boundary layer immediately above the surface of the earth.  These 
motions are significantly attenuated by about 100 to 150 m of compe- 
tent overburden (Figure 8).  The vertical and horizontal displacements 
and tilt motions produced by atmospheric disturbances travelling at 
acoustic velocities (about 300 m/s) are not significantly attenuated 
by 500 m of overburden. Thus, the signal-to-noise ratio on horizontal 
seismographs can be significantly improved by burial at depth of several 
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hundred meters which removes the major portion of the tilt noise 
associated with low velocity winds, but the signal-to-noise on the 
vertical and horizontal seismographs cannot be further improved 
without going to impractical depths of burial (more than two or 
three km). 

3.  Detection of Air Waves 

Acoustic-gravity waves from an event on 14 October 1970, pre- 
sumed to be a Chinese atmospheric explosion, were observed on high- 
gain vertical and horizontal component seismograms written at three 
different locations in the world (Figure 9).  Reliable group velocity 
data for the atmosphere over propagation paths as long as 97° (10,800 
km) were obtained for the period range of 30 seconds to 375 seconds. 
These data are in agreement with theoretical dispersion curves that 
are based on the COSPAR-rnodel atmosphere with the effects of winds 
included.  Seismic body and surface waves from this atmospheric event 
were also recorded at the three stations and were used to determine 
an epicenter. 
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On 14 April 1971, slow speed gravity waves from another pressure 
disturbance of meteorological origin were observed with periods between 
240 seconds and 360 seconds on seismograms at Ogdensburg, Mew Jersey 
(Figure 10). The seismic recordings of the acoustic-gravity and the 
slow speed gravity waves are attributed to ground motion produced by 
surface loading and not to direct pressure effects on the instruments. 
The observed displacements and tilts from both events are in agree- 
ment with those predicted by static loading theory.  At the Ogdensburg 
station, the rock layer above the instruments (543 m) acts as a wave- 
length filter to suppress wind noise of short wavelength and to enhance 
signals from long wave-length (coherent) disturbances in the atmos- 
phere. 
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Fig. c)> Seismograms showing long-period body phases, surface waves, and acoustic gravity 
waves for the presumed Chinese atmospheric explosion of October 14, 1970, from (lie vertical 
(ZHI) and horizontal (NIII, EHI) component high-gain seismographs at Ogdensburg (A = 
10,798 km), Charters Towers (A = S939 km), and Fairbanks (A = 7276 km) and from the 
long-period vertical WWSSN component seismometer at Ogdensburg. The time base on all 
seismograms is 1 hr/line. 

Fig. 10. Microbarognim and Ihree-component high-gain and WWSSN seismograms for a local 
atmospheric event, on April 11, 1971, recorded in the mine observatory at OGD. The scale' 
given for the microbarogram refers to the sensitivity of the microharograph at periods be- 
tween about 00 and 2,S0 sec. On either side of this period range the respojiSQ, of the micro- 
barograph falls olT at about 0 db/octavc. 
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and E/W components, are good indicators that what we have observed 
are 35 to 40 sec Rayleigh wave microseisms with retrograde motion 
coming from a source north of KON.  A check of the surface weather 
charts for the northern hemisphere shows that there is a large 
low pressure system north of KON for the proper time interval, that 
is, allowing for ocean wave propagation from the storm to the coast 
line.  It is likely that this storm is the source of the ocean wave 
energy responsible for the l)F and PF rnicroseism storm.  The pos- 
sibility that the observed signal was the coda of a large earthquake 
was eliminated by checking the list of earthquakes for the Inter- 
national Seismic Month and by searching for similar noise at the 
same time at the Toledo and Ogdensburg IIGLP stations.  No large 
earthquake is listed near the time of the rnicroseism storms, and 
the signals were not observed as far away as TOL or OGD. 

B.  MAGNITUDE THRESHOLDS OF THE HGLP STATIONS 

1.  Detection Capabilities of 8 High-Gain Stations versus the WWSSN 

A detailed investigation of seismograms from eight high-gain 
stations for the time period 8 September 1971 to 15 September 1971 
(inclusive) was undertaken to compare the number of earthquakes 
recorded at these eight stations with the number reported by NOAA 
in the monthly listings of the PDE.  While long-period surface waves,' 
of both the Rayleigh and Love type, are the primary type of seismic 
wave that the high-gain detection results are based on, events are 
reported in the PDE listings on the basis of the recording of short- 
period body phases at at least a few of the stations of the WWSSN» 
The results are shown in Figure 11 in the form of a histogram. 

The numbers inside the hatched (lower) sections in Figure 11 
refer to the number of earthquakes reported in the PDE and observed 
at the station indicated; the solid sections refer to the number 
masked at a particular station; and the stipled sections to the 
number of unreported events observed at a particular high-gain 
station.  Of the 103 reported events (the hatched section of the 
column designated WWSSN), 79 were recorded on one or more of the 
seismograms from the eight stations as indicated in the column adja- 
cent to that for the WWSSN.  Of the remaining 24 reported earthquakes, 
15 were definitely not observed at any of the high-gain stations. 
Six of these 15 events were assigned focal depths greater than 100 km, 
6 others were not assigned any body-wave magnitudes, and the remaining 
3 were assigned magnitudes less than 4.0 and occurred at distances 
greater than 25 to 30° from the closest high-gain station. 

The number of events observed on the combined high-gain seismo- 
grams but unreported by PDE is 73.  This gives a total of 152 events 
observed during this time period or approximately 20 per day.  During 
this same time period short-period body phases from 197 events were 
reported in the bulletin from the Large Aperture Seismic Array (LASA) 
in Montana. Note that we cannot compare those numbers with one from 
the PDE program since many of the earthquakes that are detected at 
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a few isolated  stations of the WWSSN are not located and thus go 
unreported.  For this reason the number of unreported, but de- 
tected, events for the WWSSN is left open-ended.  To be sure it 
is in excess of the total number observed on the high-gain seismo- 
grams and probably also the number reported in the LASA bulletin. 

The number of NOAA-reported earthquakes with surface wave 
trains masked by the coda of larger events is 9 for the combined 
seismograms from all eight high-gain stations.  This number is 
not greatly different from the numbers of masked events at any 
one station and points up'one of the most important problems with 
the detection of long-period surface waves from shallow events. 
While more sophisticated analysis techniques than the visual one 
employed in this study would probably identify some of these 
masked events, it remains to be seen how successful these techniques 
will be in routine practice. Ilotice, however, that the number of 
surface waves (79 + 73 = 153) detected on the combined high-gain 
seismograms is about double the number detected by a single high- 
gain station. 

2,  Regional Magnitude Threshold 
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The less than symbol (<) indicates that we were only able to 
determine an upper limit for the value of the magnitude threshold 
in a particular region because of the inadequate number of small 
magnitude earthquakes reported in the PDE for that region.  Improved 
detection and reporting of short-period body phases would allow the 
determination of more accurate surface-wave thresholds for events in 
these regions. 
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The regions determined using OGD data include the North and 
South Atlantic Ocean, the Caribbean, South America, western United 
States, and Vancouver Island.  Six months of data from FBK were 
used to determine thresholds in Alaska, the Aleutians, and the 
Kuriles-Kamchatka regions; four months of CliG data for Hokkaido, 
Honshu, Ryukyu and the mid-Indian Rise; six months of LIL data 
for Tibet, Iran, and Turkey; and six months of CTA data for the 
remaining regions of the western Pacific and Easter Island.  It 
is important to note that in many of these regions, surface waves 
from earthquakes with rib values as much as 0.75 units less than tin 
threshold values indicated in Figure 12 were observed. 
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3.  Detection Capabilities 
Seismic Month 

of the HGLPStations During International 

Recently the Seismic Discrimination Group at Lincoln Laboratory 
compiled a special listing of the occurrence of as many events as 
possible for the time period 20 February 1972 through 19 March 19/2. 
Hereafter this special listing and the above 1 month time period 
will be referred to as the International Seismic Month (ISM).  The 
final version of the ISM listing contains 996 entries identified on 

body waves recorded on the various arrays 
Canadian, Swedish, and United Kingdom 
the WWSSN stations. TI K ISM listing serves 
to be used in the determination of approxi- 
of the high-gain stations. The results^ 

study were based on a preliminary listing conta-in- 

the basis of short-period 
(LASA, NORSAR, ALPA); the 
seismograph networks; and 
as an excellent data base 
mate detection thresholds 
discussed in this 
ing 840 events. 

Figure 14 shows the percentage of reported events above the 
plotted magnitude for which surface waves were observed at one or 
more of the high-gain stations.  Only shallow (h<100 km) events_ 
which had two or more stations reporting a magnitude were used in 
this comparison.  Note that surface waves were observed for 90% 
of the reported events of mh 4.6 or greater.  Half of the 10% of 
these events not observed were the result of masking by the coda 
of earlier larger events. Significantly, the largest single event 
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not in coda for which surface waves 
4.8, and one additional event of in 
the remaining events not in coda 
observed were of nu. 4.6 or less. 

were not observed was 
. 4.7 was also missed, 

for which surface waves 

of m. 
All D 

were not 

Two other 
Figure 14 come 
this figure. They 

important observations that are not obvious from 
from the analysis involved in the preparation of 

are the following: 

sta 
1. Approximately 10% of the events observed at the deep 

tions EIL, OGD, and KON were observed on the basis of long- 
period Love waves only.  The reason for restricting this state- 
ment to the deep stations is that the horizontal component seis- 
mographs at these sites operate with peak magnifications equi- 
valent to those of the vertical component systems.  In addition 
the low noise levels on the horizontal component seisnograms 
from these three stations do not undergo any obvious diurnal 
variations as do the horizontal noise levels at the other 
shallower sites (Murphy et al.. 1972; Savino et. a I., 1972a and b) 

2. 
recorded 
percentage is 
surface waves 

Surface waves with periods between 30 and 50 seconds were 
from more than 90% of the 465 observed events. This 

greater than that for the number of events for which 
with periods near 20 seconds were observed. 

of 
The histogram in Figure 15a gives an idea of how the VLP 

stations as single stations (e.g.. CTA column fared in terms 
the ISM listing (column headed ISM).  The numbers inside the lightly 
stippled sections of each of the VLP columns refer to the number of 
world-wide earthquakes reported in the ISM that excited surface 
waves of either the Rayleigh or Love type with periods between about 
15 to 60 seconds and which were observed at that particular (see 
column heading) VLP station.  Note that about 55% (465) 
reported events were detected at at least one of the V 
more than twice as many than the number detected at an 

,5) of the 840 
VLP stations, 
ly one site. 

llhile it is not entirely evident from this figure, the cu.-.u, ..^....,.. 
of the five stations EIL, FBK, CTA, ALQ, and KON are responsible for 
more than 90% of the 465 observed events. 

The varying heights of the individual VLP columns in Figure 15a 
reflect the amount of time no records were available from the differ- 
ent stations .  For all the stations exceptOP and CHGese times 
were mainly due to analog record changing intervals; digital data 

lable for these times.  The KIP station became operational 
1972, more than half way through tine ISM time period, 

for the relatively small number ("31) of events 
7 days of recordings from CHG were not 

are aval 
on 7 March 
This accounts 
considered.  Approximately 
available. 

The numbers in the open sections of the VIP columns and 
additional numbers in the hatched sections of the TL0, 0R0, 
KON columns designate the numbers of reported events that were 

the 
and 
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b) lUstograjn comparing the detection capabilities of the 
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liand side) and a '13 horn-' time interval dur3rig which masking 

is severe (right-hand side). 

c) Histogran comparing the detection rcpabilitles of the 

nine VLP stations for events of cither shallnw focal depths 

(hl501an) or h>D0km. 
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A final point to be considered concerning the results in Fiqure 
löa is the question as to how do the VLP stations fare dctection- 
w se when only shallow (here taken as h<50 km) events are considered 
ngure be gives the answer to this question.  Comparing the right- 
hand (all depths) and left-hand side of this figure, we find that 
the percentages of events observed (SIG), not observed (MO SIG) 
and masked do not change when the ISM listing is screened for deeper 
events.  To some extent this result is surprising.  One possible 
explanation, however, is that depths greater than normal (h>33 km) 
were in many instances not assigned to the very small magnitude 
events.  This is not unexpected since the very small events were 
probably poorly recorded making proper depth determination extremely 
difficult. 

DISCRIMINATION BETWEEN 
IN CENTRAL ASIA 

EARTHQUAKES ANO PRESUMED UNDERGROUND EXPLOSIONS 

Previous resu 
i riant between ear 
regions of the wo 
den et al. (1971) 
were based on dat 
träte on results 
Eil at, Israel. T 
sian underground 
for surface waves 
the same general 
(CHG); Kongsberg, 

Its from a high-gain station on the Ms-mh discrim- 
thquakes and underground explosions i'n different 
rid were reported by Molnar et al . (1969), Evern- 
and Savino et al. (1971).  These earlier studies 

a recorded at OGD.  In this section we will concen- 
frorn one of the more recent stations, that at 
his station is approximately 30° from presumed Rus- 
explosions and exhibits a lower detection threshold 
from these presumed explosions and earthquakes in 

region than the stations at Chiang Mai, Thailand 
Norway (KON); and Toledo, Spain (TLO). 

In Figure 16, peak-to-peak amplitudes of Rayleigh waves recorded 
at Eilat with periods near ZO  sec (left-hand plot) and 40 sec (right- 
hand plot) from earthquakes in the Kirziq-Sinkianq-Tadzhik-Tibet 
region (closed circles) and presumed Russian explosions (open circles) 
are plotted as a function of mjj (NOAA). The ordinate on the 20 sec 
plot describes the Ms scale for these events as indicated by the 
numbers and arrows.  Although the data are limited there are two 
rather important points about Figure 16.  Firstly, the earthquake 
and explosions populations are completely separated even though the 

■ raw« ww nnnrnTunnwinii ii m m ■mniiiiiiu 
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measurements are restricted to a single station. Secondly, the two 
populations do not show any sign of convergence at the low magnitudes, 
although it must be remembered that tl . NOAA (PDE) reports do not 
include most events from this area smaller than about m[) = 4.5 to 
This latter result is similar to that found at 0GÜ for earthquakes 

the western United States, the Aleutians, and the 
(Molnar et al.. 1969; Savino et a 1.. 1971). 

4.3. 

and explosions in 
Hovaya Zeinlya region 

D.  ENHANCEMENT OF LONG-PERIOD SIGNALS BY TIMF-VARYING ADAPTIVE FILTERS 
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We briefly outline the strategy of our computations.  We are given 
two diqitized seismograms x.; and y. (i = 0, 1, 2, ..., in seconds;. 
Fo? te polarization filter] x and1y are the vertical ^horizon al 
seismograms.  For the azimuthal filter they are the two hor zontal 
seismograms.  We take segments of length m and operate on them in 
turn.  In the kth segment we take 

xik  =  x(i+km/2) 
0,   1 ,   .. . m 1 

y(i+km/2) 
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We compute their Fourier transforms ^j and Yj.  For the polarization 
filter the phase angle oi is the argument of the cross spectrum 

arg W j 
For the azirnuthal filter the angle 

J = a - tan '(VV 
is the difference between the expected azimuth of arrival of the 
suspected event» a, and the apparent azimuth of arrival. The filter 
transfer^.f uncti on for the kth segment is then generated: 
Fj = sin o.j for the Rayleigh polarization filter and the azimuth 
filter or cosn 6 •; for the body wave filter.  The exponent II determines 
the amount of rejection of the filter for frequencies whose phase 
angles are either incorrectly polarized or that arrive off azimuth. 
Figure 17 shows how power is rejected as a function of 0 for the 
different values of N.  The Fourier transforms- are then multiplied 
by this filter to give the transforms of the filtered segments: 

xi htj Yj' = YjFj 

The first half of their inverse Fourier transforms, x-j'CO and y.f'Cw, 
is combined with the last half of the preceding (k - 1) segment to 
form the tine-varying filtered output: 

111 1  ^+m/^ i = 0, 1 ni/2 

y." = W.y.'^) + (1 - Wi)y(i+rn/2)
,(k"1)       l'i = ^/m 

Figure 18a shows the application of the Rayleigh wave polarization 
filter to an event from Venezuela recorded at Ogdensburg.  Comparison 
of signal-to-noise ratio in the original digitized seismograms with 
the signal-to-noise ratio in the polarization filtered seismograms shows 
an unreported event also recorded at Ogdensburg.  The signal-to-noise 

..".';■:•■, ■■^■*,L...i.. _  "■-■;   7 ^ ,.•- :'   ■■■■• 
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VENEZUELA   TO  OGO  2 JUNE  01    IShltmlU   39Km      mb 4 8 

A A .« .  \.,*f.!Lt. , 

■-,-y-" ■^■■■-••'--v-^- -■-'Vj-^'. 

■H0J v ^ -y yWNA-WA/ ■^fv^s-*'*/*fyj-^. ■' A 
i   I I V , tifj v •■v— "/-A 

^^M/V^Wy ■^^/V^^^AAA'>A-^JV>/I/,/^ —V-^WV^-V-A^ 

•ranr 

JUNE 2,1971 UNREPORTED   EVENT      t 

•~^M/VAAA/
/W^u/^ 

[f^k^-^MfAf 

~J\/ 

Fig. I 3 (n) An event from Venezuela recorded at Ogdcnsburg. (/;) An unreported event 
recorded at Oßdcnsburg. In both (a) and (/)) the vertical and norlh-south eomponenls are 
shown. Tlie upper seismogram of each pair is the original digitized seismograni; the lower 
one is the seismograni after polarization filtering. 
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Fig, I "a. The north-south component. The first, trace in the upper-left corner is the coda 
of an event from Iran (TO,, = 6,0, April 12, 1971, OT 19h 03m 25.9s) recorded at. Ogden.sburg. 
ipneath it. is an event, from Honshu (mi. = 5.6, January 4, 1971, OT 211i 08m f)3.4s) containing 
a Love wave recorded at. Charters Towers. This test, event is busied with decreasing energy 
in the coda in llu succeeding seismograms. The seismograms after azimuth filtering are 
shown on the right-.. ,,id side. 
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Fig. iTb The east-west component. The first, trace in the upper-left, corner is the coda of 
an event from Iran (»i„ =: (i.O, April 12, 1971, OT lllh 0.'im 25.9s) recorded at Ogdensburg. Be- 
neath it is an event from Honshu (»ft, = 5.6, January •!, 1971, OT 211i OSm 53.-1s) eonlaining a 
Love wave recorded at. Charters Towers. This test event is buried with decreasing energy 
in the coda in the succeeding seismograms. The seismograms after azimuth filtering are 
shown on the right-hand side. 
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ipiprovement in the filtered records is at least 6 db.  In the case of 
the unreported event, knowledge of the azimuth was not required by 
the polarization filter. 

Figure 19 shows the success of the azimuthal filter in extracting 
Love waves from the coda of a large event.  East-west and north- 
south components are shown.  On the left-hand side of Figures 19a 
and 19b are shown first the coda of a surface wave and beneath it 
a test event containing the Love wave that we seek to retrieve after 
filtering.  In the succeeding seismograms, different signal-to- 
noise ratios are simulated by burying the test event with decreasing 
energy in the coda until it is no longer distinguishable.  On the 
right-hand side of Figures 19a and 19b are the corresponding seismo- 
grams after azimuthal filtering.  Retrieval of the Love wave is 
successful until about the last seismogram from the bottom in each 
case.  Comparison of the largest amplitudes of the coda before and 
after azimuthal filtering indicates that a 14-db signal enhancement 
was achieved. 
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It is clear that the success of these filters depends on the 
momentary content of noise.  If there is frequency separation be- 
tween signal and noise, the signal may be extracted even if the sig- 
nal-to-noise ratio is less than 1 (Figure 18b).  This is an impor- 
tant criterion in trying to retrieve signals from a coda (Figures 
19a and 19b). Thus a long-period Rayleigh or Love train that other- 
wise woul-d be above noise level may be buried by a coda yet retriev- 
able at a single station. 

If the signal and noise share the same frequency passband, the 
phase angle of the signal is difficult to retrieve accurately even 
for signal-to-noise ratios as high as 2:1.  We would expect enhance- 
ment only of signals usually visible on the original record.  In 
cases where the signal-to-noise ratio is greater than 2, the filters 
consistently enhance the signal at least 6 db.  This would still be 
useful in bringing out the character and time of arrival of long- 
period surface waves.  However, these adaptive filters will cap- 
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^ 

italize on any momentarily advantageous frequency bands when such 
are present.  Hence in some cases, despite low signal-to-noise 
ratios and poor frequency separation, enough frequencies may be 
passed to yield a signal recognizable by its complex signature and 
dispersion. Unlike optimum filtering, no a priori knowledge of the 
signal and noise spectra is necessary. 

akes 

ed 
ith the amplitude of a signal presumed to be a higher mode approadnng 
r exceeding 'the amplitude of the fundamental. An experiment was design 
pecifically to determine whether these differences were source effects specincai ly . 

or merely due to changes in propagation path. 

The effects of source variations on the seismic signal can be sep- 
arated from path and receiver effects by examining several c^sely spaced 
earthquakes with different source geometries.  Records from three shallow 
events (Figure 20 ) are used to demonstrate the pronounced changes in 
apparent complexity of the signals caused by relatively small variations 
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In contrast to the "messy" records shown at the top of each figure, 
some of the Rayleigh waves traveling the same paths from events 2 and 3 
have a markedly different, "clean" appearance.  At SHI (Figure 21), the 
record of event 2 shows a very simple wave, normally dispersed from about 
100s pariod at 3.6 km/s to about Ss at 2.3 km/s. The lack of apparent 
phase shifts and the smooth variation in amplitude do not require the 
path to be homogeneous between source and receiver, but it does suggest 
that it is unlikely that multipathing is primarily responsible for the 
complex appearance of the record of event 1.  Since the paths are nearly 
identical, there must be some fundamental differences between the sources 
of the two records. 
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There are three primary cases in which a relatively high ratio of 
to fundamental mode energy will be generated at the source, 

displacement or stress versus depth for the wave.  Zero crossings 
the higher modes are generally not at the same depths, so if the ampl - 
tude of the fundamental mode is reduced by this effect, the higher modes 
may be undiminished.  3) Except for sources very near the surface, the 
azimuthal radiation pattern for higher modes may differ from the funda- 
mental modes. At azimuths corresponding to a node in the fundamental 
mode radiation pattern there may appear to be a relative y large amount 
of higher mode energy. Although each of these three mechamsms_for pro- 
ducing a large ratio of higher mode to fundamental mode energy is 
frequency dependent, they can affect a range of frequencies broad enough 
to significantly change the appearance of the seismogram. All three 
mechanisms involve reducing the amplitude of the fundamental mode rather 
than increasing the absolute amplitude of the higher modes. Thus, when 
the higher/fundamental ratio is large and the surface wave magnitude 
based on fundamental mode Raylcigh wave amplitudes is anomalously low 
compared to the body wave magnitude, a more reliable estimate of seismic 
moment or surface wave magnitude may be obtained from the amplitudes 
of the higher modes. 

As one of the primary applications of an improved magnitude scale will 
be to aid in discrimination between earthquakes and underground explosions, 
the higher mode scale (i-lfj) is designed to be equivalent to the fundamental 
mode scale (Ms) for a near-surface focus event, 
accepted for Asian events (Marshall and läasham, 

1972) is of the form 

the 
The scale now commonly 
1972; Conference of the 

Committee on Disarmament, 

Ms = log A + B' (A) + P(T) (1) 

component of ground 
the wave of maximum 
on the propagation 

term that corrects for the effects 

where A is the maximum amplitude (nm) of the vertical 
motion in the Rayleigh wave train, T is the period of 
amplitude, P(T) is the period correction which depends 
path and 13'(A) is a distance normalizing 
of geometric spreading, scattering and absorption of the propagating sur- 
face wave.  P(T) is assigned value 0.0 at the arbitrary reference period 
of 20s. 

To equalize Hc and Hh, it is necessary to know the relative amplitudes 
of the two modes.  At the surface, the excitation function reduces to a 
simple form with only those terms proportional to the horizontal displace- 
ment remaining.  The amplitude of the fundamental mode 
should be approximately 7.5 times the amplitude of the 
wave of 10s period for any very-near-surface focus 
for Ml? should therefore be: 

Hb = log A + B'U) + log T/T0 + log 7.5 

wave of 20s period 
first higher mode 

event. The formula 
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FIG. ^6 M,-mh cliagiam summarizing analysis of Tibetan anomalous events. 
Arrows and diamonds show increase in A/s values when observations of higher- 
mode Rayleigh waves are included, with ( + ) indicating original M, value. Arrows 
and open circles show increase in Mb values when observations of Love waves 
are included.   Dashed line contains all reported events of the 1968-1969 swarm 

TAIU.li 3 
MAONITUDI-S, OKIGIN TIME AND LOCATION OK ANOMALOUS EVENTS AND EXPLOSIONS* 

cm DJIC 
(m tl yr) 

Oriiiin Time 
(li:m:s| 

Latitude 
( Nit ti) 

Longitude Depth "h »V M." 

AJ 05 01 69 04:00:08.7 44.0 77.9 53 4.9 2.9 3.9 
111 ,12 09 69 13:41:09.0 40.1 70.7 33 4.9 3.6  , 4,1 

fj 07 01  6S 19:14:54.7 44.0 79.3 33 4.8 2.9 3.9 
\n 10 24 71 08:49:04.6 28.2 87.2 44 4.8 2.8 I3.S) 

H II  24 71 08:23:24.6 38.7 73.3 33 4.6 2.8 3.6 

H 12 04 71 OS: 3«: 00.7 27.9 87.9 32 4.9 3.2 4.1 
Ci 11  3U 69 03:32:57.1 49.9 79.0 0 61 4.2 4.3 
ii 03 22 71 04:32:57.7 49.« 78.2 ■o 5.8 4.1 4 1 
i 11 02 72      ' 01:26:57.5 49.9 78.8 0 6.2 3.9 4.1 

* Hvpocctural data from NEIC. 
+ All \/s wtlucs lia\c been rccmnfiutcd la a common scale and may not he idcnlical lo original references. 
} Oninnal rclerenec: Landers (1972). 
gOrijütial telerenee: Nullltand Kim(1975). 
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where T is the period of ehe maximum amplitude A, B'U) is distance 
correction from Marshall and Basham (1972), and TQ is the reference 
period of 10s.  This formula should be modified if used in areas other 
than central Asia, because B'U) and the mode correction factor, 
log 7.5, may vary from region to region. 
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In total, surface waves from GO events identified as being part of 
this swarm were observed at ALQ.  In several cases. Love waves an order 
of magnitude smaller than those in Figure 28a and b, an m^ = 4.2 event, 
were recorded demonstrating the value of the horizontal components and 
how they enhance the detection capabilities of a single seismograph 
station. 
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MßurG   23 a)    Portions of ALQ selBmograms showing surface waves from tvro 

swann events. Recordings start at 02:3^, with all components 

normalized to the same magnification, 

b) The same data wit,) horizontal components rotated into 

equivalent radial and transverse components.    Note strong Love- 

wave motion on transverse component. 

c) Same as Plgiire 2a - for portion of traces starting at 

d) Same as Figure 2b - for portion of traces starting at 
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Figui-e30 a) WRA travel tine and slovness data,  Squares indicate 
first arrivals, b) Combined travel time and slowness data. Slope 
lines plotted vith slope of measured slowness.  Short vertical 
lines indicate first arrivals, c) First arrival data only, d) 
Travel tines adjusted so that first arrivals fall on Herrin et 
al.11 travel •'•Ime curve.  (From Simpson, Mereu and King5) 
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G. .SE DISTORTION Ifl BODY WAVES 

*» 

Many seismic body waves are associated with rays which are not 
mimnium travel time paths.  Such arrivals contain pulse deformation 
due to a phase shift in each frequency component.  For sufficiently 
high frequencies, the phase shift is ii/2 and frequency indeoendent 
hence, the original waveform is related to the distorted pulse- via 
Hilbert transformation. The distorting effect of a frequency-inde- 
pendent phase shift is successfully observed in seismogratns from events 
in several regions. The data examined are long period (T>9 seconds) 
and were taken from the high-gain stations and the WWSSH.  They in- 
clude deep earthquakes (depth>500 km), in which a series of well separ- 
ated S phases i,S, sS, SS and sSS) are available. Those show that the 
waveform of SS, which has been distorted in propagation through the 
tarth, can be derived from the waveform of sS, which is not distorted. 
SS and sS form a Hilbert transform pair.  Shallow events, in which 
multiple S phases overlap, also exhibit behavior predicted by phase 
distortion.  Rays critically reflected or refracted at a discontinuity 
in the Earth also suffer a constant phase shift, which in general can 
have any value. An important case is SKKS:  its undistorted wave form 
resembles that of SKS, which has a minimum travel time path 

Without exception, all 
resemblance to the original 
arrival of energy nor the s 
troughs on a distorted wave 
Thus, T-A curves constructe 
to the first arrival of ene 
on differential travel time 
ing several points on what 
of two waveforms.  Some of 
which the d.stortion phenom 
PKPAK, PP. SS, and SKKS.  W 
the data is computationally 
form may be exploited to fu 
times. 

the distorted waveforms bear little or no 
waveform.  That is, neither the first 
ubsequent relative position of peaks and 
form appear at the ray theoretical times, 
d by choosing arrival times to correspond 
rgy may be biased.  Similarly, doubt is cast 
s chosen from first motions, or from averag- 
appear to be corresponding peaks and troughs 
the rays most important to seismology, in' 
enon occurs, include P and S (where d^T/d/^O), 
e find that removal of phase distortion in 
straightforward, and the resulting wave- 

11 advantage in correctly picking arrival 

H.  USE OF SEISMOGRAPH ARRAYS IN DETERMIIIIHG EARTH STRUCTURE 

Seismic arrays can be considered in three modes of operation: 

thPve^,?'rad d,ro?t,{ 5* "'» ""y. ">•, for a snectfic source licitio" 
Jf si»™« a?

Pr°f1',"
1'E-d fr™ ?"! "'"'ated azi.uth and standard tab™ or slowness as a function of distance. 

•  1
2)  Determination of seismic parameters.  Using sinnals from evpnt-^ 
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3) Event location.  If a table of slowness as a function of distance 
is available, either from ?.)   above or from standard tables, measured values 
of slowness and azimuth can be used to specify the azimuth and distance to, 
and hence the location of, the source of the "recorded signal. 

It is in the second mode of operation that arrays are able to 
provide the most useful information about the internal structure of the 
Earth. 

The first distance derivative of the travel time curve (u/   can be 
shown to equal the seismic ray parameter "p" and it is this punxniter,   as 
a function of distance (see equation 2) which is required in order to 
derive a velocity-depth distribution.  Until recent years dT/dA could only 
be obtained by smoothing observed travel time data and finding the slope 
of the smoothed curve. With the advent of modern seismic arrays, it is 
now possible to measure dT/dA directly and independently of absolute time, 
thus removing many of the errors associated with the earlier technique. 

The true velocity (vt.) at the maxiinum depth of■ penetration (dp) for 
a given ray is related to the apparent velocity (va) at the Earth's sur- 
face (radius Rjr) by 

v. =Va ^ - dp) 

(1) 

It is obvious from (1) that the slope (dT/dA, proportional to the inverse 
of va) and hence the shape, of any part of the travel tine curve is 
determined by the velocity at the maximum depth of penetration for the 
rays arriving over that part of the curve.  Conversely, if the apparent 
velocity at the surface is known as a function of distance, the true 
velocity at depth can be found by determining the corresponding depths 
of penetration as a function of distance.  This is done using the fol- 
lowing solution to the Abel integral equation 

In «E 
Ti^ V 

= 1 
/ 

cosh -1 
pl 

dA (2) 

where p = dT/dA or slowness, and the subscript 1 refers to rays which 
have reached a maximum depth of penetration d». 

When the apparent velocity (or slowness) at the surface (i.e. v-, or 
dT/dA) is known as a function of distance (A) the right-hand-side of (2) 
can be evaluated, determining dp and, hence, from (l) the velocity at dp. 
By evaluating the integral for various values of A, different depths  ^ 
are sampled, allowing a velocity-depth distribution to be determined. 

Figure 29 shows the travel time curve and related parameters for a 
hypothetical upper mantle velocity model.  Slowness (dT/dA, in s/deg), 
reduced travel time (T-A/10 km/s, in s) and depth of penetration (in km) 
are shown as a function of distance (A, in both km and deg).  Velocity 
(in km/s) is given as a function of depth (in km). 
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This presentation stresses the importance of later arrivals in deter- 
mining velocity structure.  The vertical lines in Figure 29  at the cross- 
over distances near 18° and 24° show that the first arrival portions of 
the travel tine curve correspond to rays which reach their maximum depths 
of penetration over a very limited range,  between depths of 200 and 700 km, 
first arrivals in this model correspond to a total depth interval of only 
100 km.  Depths near tiie two discontinuities at 400 and 650 km are always 
related to later arrivals.  Thus, if the details of later arrivals are 
unknown, much of the velocity distribution is beyond the scope of the data. 

Fi 
WRA up 
travel 
cul t t 
time a 
arriva 
show a 
use rul 
o in F 
as dis 
these 
later 
i ndi ca 
on the 

gurc 3 
per ma 
time 

o inte 
n d s 1 o 
Is , es 
major 
ness o 
igure 
t i n c t 
arri va 
arri va 
tes, h 
D bra 

0 sh 
ntle 
or s 
rpre 
w n e s 
peci 
tr-i 

f si 
31 s 
p h a s 
Is c 
1 ex 
owev 
n c h. 

ows the c 
study of 

1 ow n e s s d 
t any of 
s data a r 
ally betw 
pIi cation 
owness in 
how that 
es only n 
o u 1 d e a s i 
tension o 
er, si own 

omplete travel time and slowness data used in the 
Simpson, Hereu and King (1974).  If only the 

ata in Figure 30a were used, it would be diffi- 
the later arrivals.  However, when the travel 
e combined, as shown in Figure 30b and d, later 
een 20° and 25° (branch D in Figure 31), clearly 

When individual records are considered, the 
formation is even more apparent.  Examples k to 
second arrivals such as that in Figure 31k appear 
ear 210-220.  If only travel times were used, 
ly have been misinterpreted as belonging to the 
f the A branch (Figure 31, insert).  As Figure 30 
ess determinations definitely place these arrivals 

The basic information required to derive velocity as a function of 
depth within the Earth is the slope of the travel time curve (dl/dA, or 
slowness) as a continuous function of distance.  Regions of high velocity 
gradient, such as the transitions in the upper mantle near 400 km and 650 
km, cause triplications in the travel time curve, so that later arrivals 
must be studied to obtain a complete slowness-distance relationship.  I he 
use of seismograph arrays to determine slowness not on y allows this para- 
meter to be determined independently of absolute travel time, but also aia; 
in the picking of later arrivals and in correlating them with particular 
branches of the travel time curve. 
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